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a  b  s  t  r  a  c  t

The  impact  of  flask  geometry  on  Streptomyces  lividans  growth  and morphology,  production  and  O-
mannosylation  of  a recombinant  O-glycoprotein  (APA  from  Mycobacterium  tuberculosis)  was  described
and  associated  to  the  evolution  of the  volumetric  power  input  (P/V)  in  three  shake  flask  geometries.  Dur-
ing  the  exponential  growth,  the highest  P/V was  found  in baffled  flasks  (BF)  with  0.51  kW/m3, followed
by coiled  flasks  (CF)  with  0.44  kW/m3 and  normal  Erlenmeyer  flasks  (NF)  with  0.20  kW/m3 (flasks  vol-
ume  of 250  mL,  filling  with  50 mL and  agitated  at 150  rpm).  During  the stationary  phase,  P/V  decreased
20%  in  BF  and CF, but  increased  two  times  in  NF,  surely  due  to changes  in mycelial  morphology  and  its
effects  on  rheology.  Also,  NF  cultures  were  carried  out  at a filling  volume  and  agitation  of  15  mL,  150  rpm
rbital shaking
ower dissipation
uspension rheology
ecombinant glycoproteins

(15 mL-NF),  and  25  mL,  168  rpm  (25 mL-NF),  in  order  to raise P/V  closely  to  the  values  obtained  in CF.
However,  different  growth,  morphology  and  recombinant  protein  productivity  were  obtained.  These  data
indicate that  P/V  is  not  a definitive  parameter  that can  determine  bacteria  growth  and  morphology,  not
even  glycoprotein  production.  But  it can  be proposed  that  the  oxygen  transfer  in  the  center  of the  pellets
and  hydromechanical  stress  might  be  the  more  relevant  parameters  than  P/V.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Bacteria of the genus Streptomyces are widely used to produce
 large range of secondary metabolites including antimicrobial,
ntifungal, antihelmintic and antitumor agents, as well as herbi-
ides, pigments and other bioactive compounds [1,2]. Also, some
trains as S. lividans are commonly used as hosts for the expression
f heterologous proteins [3–7]. Streptomyces are prokaryotes with
imilar aspects to filamentous fungi, both are dispersed in the form

f spores and its growth is branching hyphae that form a vegeta-
ive mycelium [8–11]. Specifically, in submerged cultures S. lividans
resents a filamentous morphology that may  be branched and

∗ Corresponding author. Tel.: +52 55 56229192; fax: +52 55 56223369.
E-mail address: maurotru@gmail.com (M.A. Trujillo-Roldán).

ttp://dx.doi.org/10.1016/j.bej.2014.06.010
369-703X/© 2014 Elsevier B.V. All rights reserved.
non-branched hyphae, clumped and pelleted [9,11]. Few attempts
to understand a possible relation between morphology, growth and
recombinant protein production have been reported [3,12,13]. Van
Wezel et al. [13] described the successful morphological engineer-
ing of S. coelicolor and S. lividans through a controlled expression of
the morphogene ssgA, leading to the improvement of growth by the
fragmentation of the mycelial clumps resulting in increased growth
rates for S. lividans of almost 45%, and the production of recom-
binant tyrosinase increased 2.5 times [13]. By using fluorescence
microscopy and viability staining, Manteca et al. [14] reported that
compartmentalized hyphae started to form pellets by radial growth
of S. coelicolor A3(2), and in the center of the pellets a relatively

quick cell death can be detected [14].

In various mycelial bacterial and fungal cultures it is known
that the morphology of the culture largely depends on the
hydrodynamic conditions, as well as on aeration and on culture

dx.doi.org/10.1016/j.bej.2014.06.010
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2014.06.010&domain=pdf
mailto:maurotru@gmail.com
dx.doi.org/10.1016/j.bej.2014.06.010
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Fig. 1. Schematic diagrams of shake flasks used: (A) conventi
iagrams taken with permission from Gamboa-Suasnavart et al. [3].

edium [15–19]. When using shake flasks, the effects on morphol-
gy, growth, and recombinant protein production in filamentous
acteria cannot be easily measured independently because the
ydrodynamic and aeration phenomena are interrelated. However,
hake flasks are the most commonly used bioreactors for cultures
n literature, and deciding which flask design to use for filamentous
ultures will be a key step in production or clone selection or in the
noculum train [20–22]. On the other hand, the power input per unit
f liquid volume (P/V) has been intensively used for the character-
zation of macroscopic hydrodynamics in bioreactors, and lately in
hake flask cultures [20,23–31].

The morphology of S. lividans depends on the hydromechanical
tress and on the oxygenation of the culture as was demonstrated
3], both determined by the design of the shake flasks used to
row these bacteria (normal conventional, baffled and coiled shake
asks). Moreover, the shake flask design might be playing a role in
he regulation of the productivity and O-glycosylation of a recom-
inant glycoprotein. The small and dispersed mycelia aggregates
btained in baffled (BF), and coiled (CF) shake flasks improve the
roduction and increase the degree of O-mannosylation of the
ecombinant glycoprotein (up to five mannoses attached to the
arboxy-terminal of the protein), in comparison with the large
ggregates obtained in conventional normal (NF) shake flasks,
ith just two  mannoses attached [3]. These differences in flask

eometry, and therefore, the volumetric power input involved,
ight play a role in the changes shown in morphology, growth

ate, and protein production in S. lividans, thereby suggesting that
ydrodynamic effects may  be involved in the performance of the
icroorganism. Moreover, mathematical models and experimental

ata of S. coelicolor cultures in bioreactors have been used to cor-
elate volumetric power input and bacterial morphology [32,33].

ith this model, a prediction of aggregate size of S. lividans in aer-
ted bioreactor cultures based on the volumetric power input was
ade. These data were used to obtain a culture morphology in

he bioreactor, similar to that previously reported in baffled/coiled
hake flasks [33]. This successful scale-up strategy suggests that
ower input has an important influence on growth, morphology,
nd recombinant protein productivity of S. lividans. The aim of the
urrent study was to find out the role of the volumetric power
nput by measuring the shear viscosity, the morphology and the
evelopment of P/V during the cultivation of a recombinant S. livi-
ans strain, using the three shake flask configurations as previously
eported [3]. Additionally, a comparison of S. lividans growth and

orphology, rheology and recombinant protein production and

ts O-mannosylation profile was made, when NF cultures were
arried out at a P/V value similar to the P/V values obtained in
F.
ormal (NF); (B) baffled (BF); and (C) coiled shake flasks (CF).

2. Materials and methods

2.1. Microorganisms, culture conditions and analytical
determinations

Streptomyces lividans 66 strain 1326 was  used in this work
[34,35], and it was transformed with plasmid pIJ6021MT-45, which
carries the M. tuberculosis apa gene (Rv1860), cloned under the
thiostrepton-inducible PtipA promoter [36]. Spores of S. lividans
were maintained in 20% glycerol and kept at −20 ◦C, as a master
bank. S. lividans spores were pregerminated in YT medium for 8 h at
37 ◦C, and 150 rpm [36]; the germinated spores were then washed
and inoculated to shake flasks at an optical density of around 0.015
at 600 nm (Beckman DU730 spectrophotometer, USA).

The same shake flask designs previously used by Gamboa-
Suasnavart et al. [3] were used (250 mL-flasks filled with 50 mL  of
medium). Normal Erlenmeyer flasks (NF), Baffled flasks (BF) with
three baffles, 2.5 cm depth and 4.5 cm height, and coiled flasks (CF)
with a stainless steel spring at the bottom, 1.3 cm diameter, 19
standard wire gauge (SWG), as is shown in Fig. 1. Luria–Bertani’s
medium supplemented with 50 �g/mL kanamycin and 34% w/v
sucrose [36] was  used. All cultures were carried out at 30 ◦C and
150 rpm for 72 h, with the addition of the inducer thiostrepton
(10 �g/mL) at 16 h of culture. At least 20 shake flasks were used
for each kinetic and two  shake flasks were removed at each kinetic
data point for biomass, protein and image analysis [3].

The biomass was evaluated by dry weight; 5 mL  of culture were
filtered through a 0.45 �m pore size membrane (Millipore, USA),
and washed once with one volume of distilled water. The mycelium
obtained was dried for 24 h in an oven at 55 ◦C, then placed for 2 h
in a desiccator, and weighed afterwards [3].

The amount of protein in the culture supernatant was deter-
mined using the Bradford Method (Bio-Rad, Hercules, CA, USA).
Electrophoresis in 12% polyacrylamide gels containing SDS and
subsequent immunoblotting procedures were carried out as pre-
viously described [3]. For Western blots, 30 �g of total protein
separated by SDS-PAGE (10%) were transferred to polyvinylidene
difluoride membranes (Millipore). The membranes were incubated
with 5% (w/v) skim milk in PBS containing Tween 20 (0.05% v/v)
for 1 h, washed with PBS Tween 0.05%, and then incubated with
primary antibody (mAb6A3) at a 1:1000 dilution overnight at 4 ◦C
[3,36]. After three washes with PBS-Tween 20, the membranes
were incubated with diluted peroxidase-conjugated anti-mouse

IgG (Sigma–Aldrich, St. Louis, MO,  USA) at a 1:2000 dilution for
2 h. After incubation, the blots were stained by using the Super-
Signal West Pico Chemiluminescent Substrate (Pierce Chemical,
Rockford, IL, USA) and images were taken using the theC-DiGit
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Fig. 2. Evolution of the volumetric power input during the cultivation of Strepto-
26 L.D. Marín-Palacio et al. / Biochemic

hemiluminescent Western Blot Scanner (Li-Cor, Lincoln, NE,
SA).

.2. Protein digestion and MALDI-TOF analysis

O-linked glycans at the C-terminal region of recombinant APA
ere characterized and the protein was purified and digested
ith LysC with the aim to produce at least eight peptides as
reviously reported [3]. The 45 and 47 kDa bands were excised
rom SDS-PAGE gels, washed with water, distained with ammo-
ium bicarbonate buffer (100 mM,  50% methanol), dehydrated with
cetonitrile (100%), and rehydrated with ammonium bicarbonate
uffer (25 mM)  containing the Lys-C enzyme (Roche) in 1:1000
ilution. Digestion was carried out overnight at 37 ◦C, and 20 �L of
rifluoroacetic acid (TFA, 0.1% v/v) were added to stop the reaction.

 concentration step was carried out to obtain 20 �L or less (Speed-
ac concentrator, Savant-Thermo). Masses were determined in a
ruker Microflex matrix-assisted laser desorption ionization time-
f-flight instrument (Bruker Daltonics GmbH, Leipzig, Germany)
quipped with a 20 Hz nitrogen laser at l = 337 nm.  Spectra were
ecorded in reflector and/or linear positive mode for the mass range
f 3800–6000 Da. 1.0 mL  of sample solution was mixed with 5 mL
f 30% acetonitrile, 70% water, 0.1% TFA, and saturated with �-
yano-4-hydroxycinnamic acid or sinapinic acid. Then, 1.0 �L of
his solution was deposited onto the MALDI target, and allowed to
ry at room temperature. At least three MALDI-TOF analyses were
one at the end of each independent culture.

.3. Measurements of power input

The development of the volumetric power input (P/V) was  char-
cterized on-line during S. lividans growth and APA production
sing the method previously described [24,25]. This method is
ased on torque measurements in the drive of the shaking machine
ith appropriate compensation of friction losses. Operating condi-

ions for all cultures were: 150 rpm, 30 ◦C, flasks with nominal flask
olume of 250 mL,  filling volume of 50 mL  (or as otherwise stated),
nd shaking diameter of 2.5 cm.

.4. Rheological measurements

Rheological parameters of the culture broth were measured
sing 50 mm plate/plate geometry in a controlled stress Rheome-
er (Physica MCR  101 Modular Compact Rheometer, Anton Paar,
raz, Austria) at a constant temperature of 30 ◦C, using shear rates
etween 0.1 and 100 s−1, and a gap between two plates of 1 mm.

t was ascertained that the measurements were carried out within
he sensitive range of the rheometer used and with the adequate
ime to reach the steady state in each shear rate. The dependency
f the viscosity on the shear rate was described by the Ostwald–de
aele law:

 = K�n−1 (1)

here � is the apparent viscosity (m Pas), � is the shear rate (s−1),
 is the consistency index (m Pasn) and n is the flow behavior index
dimensionless).

.5. Morphological measurements

The morphology of S. lividans in culture was measured as pre-
iously reported [3,33]. In brief, a sample of 20 �L of culture broth
as fixed using a formalin solution (10%, v/v) in order to avoid the
osses of the actual morphology, placed on a slide, and carefully
overed with a cover slip. A minimum of 300 objects of each sam-
le were analyzed for each determination. The image was  captured
ith a digital camera Coolpix 4300 (Nikon, Tokyo Japan) mounted
myces lividans producing rAPA from M. tuberculosis, in conventional normal (NF),
baffled (BF), and coiled (CF) shake flasks with a nominal volume of 250 mL and 50 mL
filling volume, incubated at a shaking frequency of 150 rpm and a shaking diameter
of  25 mm.

on a microscope (Nikon Optiphot-2, Tokyo Japan) that used a 4×
magnification. Image analysis was performed with the software
package ImageJ (National Institutes on Health, NIH, Bethesda, MD,
USA) available on-line (http://imagej.nih.gov/ij/index.html).

3. Results and discussion

3.1. Measurements of power input in three different shake flasks
designs

The development of P/V for cultures carried out in three dif-
ferent designs of 250 mL  shake flasks (normal, baffled and coiled
flasks, as is shown in Fig. 1) using a strain of S. lividans producing a
recombinant protein is shown in Fig. 2. Maintaining the same agita-
tion frequency of 150 rpm and the same filling volume of 50 mL, P/V
remains substantially constant during the first 50 h, and the high-
est P/V was  obtained for baffled flasks near 0.51 kW/m3, followed
by coiled flasks of roughly 0.44 kW/m3, and then by conventional
flasks of around 0.20 kW/m3. Comparing the experimentally mea-
sured P/V in NF (0.20 kW/m3), with the correlation proposed by
Buchs (0.22 kW/m3) [24,25] a good approximation was achieved
with a difference of just 9%. However, in baffled flask, the corre-
lation predictions from Peter et al. [20] a difference of 67% was
found. This can be due to differences in baffles dimensions used
in this experiment (25 mm deep and 45 mm high) and those used
by Peter et al. [20] (14 mm deep and 35 mm high). Thereafter, the
behavior of the P/V is not constant, it decreases to 0.44 kW/m3 in
BF and to 0.35 kW/m3 in CF, respectively. In contrast, it increases
to almost 0.38 kW/m3 in NF. The initial values of P/V during the
first 50 h are in agreement with values reported by Peter et al. [20],
who proposed that the greater resistance to fluid flow in baffled
flasks than in conventional normal ones generated greater P/V val-
ues [20]. By computational fluid dynamics (CFD) techniques, using
volumetric average of turbulence parameters, Li et al. [27] found
that each of these turbulence parameters in baffled flasks is greater
than those in unbaffled flasks [27]. Velocity performance indicates
that a greater velocity gradient is formed in baffled flasks. As a
result, energy dissipation in baffled flasks is higher than that in
unbaffled flasks. When the fluid hits the baffles, it splashes over

the baffles, resulting in higher local velocity and energy dissipation,
especially at the submerged corner between the baffle and the flask
wall. This results in a better mixing and mass transfer capacity of
baffled shake flasks [27].

http://imagej.nih.gov/ij/index.html
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Fig. 3. (A) Kinetics of biomass growth of S. lividans producing rAPA from M.  tubercu-
losis.  (B) Average diameter and standard deviation of S. lividans pellets. (C) Evolution
of the flow consistency index K (m Pasn) and (D) flow behavior index n (–) of cultures
in  conventional normal (open dots); baffled (square); and coiled (closet dots) shake
L.D. Marín-Palacio et al. / Biochemic

On the other hand, to our knowledge, this is the first time that
/V was measured for any culture carried out in coiled flasks. P/V
n CF has an intermediate value between conventional and baffled
asks (Fig. 2), suggesting that works as an obstacle that increase
nergy dissipation and promotes an increase in mass transfer coef-
cient as long as a good incorporation of the gas phase in the system,
ven though such contributions are smaller than in the baffled flask.

At the end of cultures carried out in NF, an increase in the
edium apparent viscosity might be responsible for the increase

f P/V [20,29]. An exponential increase in P/V, due to an increase
n viscosity in cultures of alginate producing bacteria Azotobac-
er vinelandii,  in normal conventional flasks has been found [29].

 maximum P/V of 1.4 kW/m3, but a reduction at the end of cul-
ures (1.2 kW/m3) were due to a decrease in apparent viscosity, and
he possible occurrence of the “out of phase” phenomena. Also, it
as been demonstrated that at least at shaking diameter of 25 mm
shaking diameter employed in this study), cultures carried out in
affled flasks were out of phase [20]. Out of phase phenomenon

s generated when parts of the liquid cannot follow the agitation
otion, and therefore, remain at the bottom of the flask with little
ovement. This is associated with a reduction in power, a reduc-

ion in mass transfer, and flow irreproducibility [25]. However, out
f phase cannot be easily associated to the end of cultures in BF
r CF (Fig. 2), and the rheological complexity of cultures might be
elated to these changes in P/V.

.2. Biomass growth, morphology and rheology in three different
hake flasks designs

The highest biomass production was obtained in BF
5.6 ± 0.2 g/L), and CF (5.2 ± 0.1 g/L), which occurred at the

aximum volumetric power input (0.51 and 0.44 kW/m3, respec-
ively), while at P/V of 0.20 kW/m3 obtained in NF, the final biomass
oncentration was 2.1 ± 1.2 g/L (Fig. 3A). Moreover, the specific
rowth rate (�) was significantly different in CF (0.14 ± 0.01 h−1),
F (0.10 ± 0.01 h−1), and NF (0.08 ± 0.01 h−1) flasks. These results
re in agreement with those reported by Gamboa-Suasnavart et al.
3] in terms of the specific growth rate, which has been previ-
usly reported in the range of 0.08–0.14 h−1 for the same shake
asks geometries [3]. However, there are differences in the final
iomass concentrations obtained in this work (Fig. 3A) and those
eported previously by other authors [3], where no significant
ifferences were reported among BF, CF and NF (with an average of
.3 ± 0.2 g/L). This differences in biomass growth can be attributed
o differences in the inoculum size, as previously reported for S.
oelicolor A3(2), where the low density inoculum (105 spores/mL)
rew at a lower specific growth rate, reaching lower biomass
han cultures with high density inoculum (107 spores/mL) [37].
imilar behavior was reported for S. pristinaespiralis where P/V
ositively affects the biomass concentration and the concentration
f pristamycins, but they also are affected by the mass transfer
oefficient kLa [21–23]. Moreover, it should be noted that in
ll the experiments carried out in this work, we used the same
ransformed strain of S. lividans and the same master bank.

A lag phase could be observed during the first 12 h of culture
n all cases. However, in NF two stages in the exponential phase

as observed. This second growth phase in NF where consistent
ith those previously reported [19,37,38]. In S. coelicolor A3(2), two

rowth stages are seen: a first where compartmentalized mycelium
first mycelium) is obtained, which starts to die in the center of the
ellet to lead the appearance of a multinucleated mycelium (second
ycelium) that grows from the remaining viable hyphae [37]. This
henomena of two growth phases seem to be associated with low
olumetric power input in combination with low inoculum size
n S. coelicolor [32,37,39], S. fradiae [18,40], S. noursei [41], and S.
atalensis [42].

flasks with a filling volume 50 mL  incubated at a shaking frequency of 150 rpm and
shaking diameter of 25 mm.
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Fig. 4. S. lividans pellet diameter distributions in (A) conventional normal (NF); (B)
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affled (BF); and (C) coiled (CF) shake flasks. Samples were taken at 24 h (dotted),
6 h (dash–dot–dot), 60 h (long-dash), and 78 h (solid) of culture.

According to previously reported data for 100 mL  shake flasks
31], a P/V of around 0.1–0.2 kW/m3 was delivered to the cultures
sing conventional 100 mL  shaking flasks with a working volume of
0 mL,  incubated at 200 rpm (shaking diameter was  not reported)
39], a value similar to that reported in this work for NF, that is
lmost 0.22 kW/m3 during the first 45 h of culture (Fig. 2).

The kinetics of the pellet size for NF, BF and CF was followed by
ampling cultures at 24, 36, 60, and 78 h of culture in triplicates,
nd analyzing at least a minimum of 300 objects per sample for
ach determination (Figs. 3B and 4). During the first hours of the
ultivation, the average diameter of the pellets to the three design
ask were approximately 100 �m.  However, the pellet grows in
ize until it reaches a stable state, being higher in normal flasks. In

F, pellets increased up to an average pellet size of 370 ± 82 �m,  but

 wide range of diameters was obtained, including pellets of up to
00 �m (Fig. 4), while in BF and CF cultures, the obtained average
iameter was up to 160 ± 40 �m,  with a narrow distribution and
ineering Journal 90 (2014) 224–233

approximately 60% smaller pellets in average than those obtained
in NF. Significant differences are shown only at the end of cultiva-
tion time between CF and BF. This might be due to the flow patterns
and velocity fields in these geometries that are different presenting
greater heterogeneity in the intensity of turbulence in CF, which
could to influence the greatest number of dispersed mycelium (Fig.
S2 and Table S1 included in the supplementary data). Apart from
that, the same trend as previously reported by Gamboa-Suasnavart
et al. [3] was  found in this work, with larger pellets in NF and no
significant differences between BF and CF. This difference in pel-
let sizes between both works, might be attributed to differences in
the inoculum size, as previously reported for S. coelicolor [37], indi-
cating that while the power input is responsible for morphological
changes, the inoculum size also plays an important role.

At a P/V of 0.20 kW/m3, the pellets were observed as internally
compact and fluffy in the peripheral region (Fig. 5). Meanwhile,
the pellets obtained at 0.51 and 0.44 kW/m3 (BF and CF) had an
oval shape and were less compact (Fig. 5). These changes in the
pellet size for the three flask geometries could be explained by
differences in the energy dissipation rates due to the P/V deliv-
ered to cultures. BF and CF had higher P/V (0.51 and 0.44 kW/m3,
respectively), compared to conventional flasks (0.20 kW/m3).

The rheological behavior of the bacterial cultures of S. livi-
dans for the three flask geometries in terms of the Ostwald-de
Waele model (The complete shear flow result is included as sup-
plementary data in the manuscript, Fig. S1), the evolution of the
flow consistency index (K), and the flow behavior index (n) are
shown in Fig. 3C and D. At the end of the cultivation, the flow
consistency index increases three times (0.111 ± 0.024 m Pasn) in
NF cultures when compared to BF and CF cultures (0.042 ± 0.009
and 0.045 ± 0.003 m Pasn, respectively), but the behavior index
decreases by 33% in NF (0.40 ± 0.06) in comparison with BF and CF
(0.62 ± 0.05 and 0.63 ± 0.01, respectively). This change in the rhe-
ological characteristics of the cultures seems to be related to the
change in the P/V behavior found between 56 and 58 h of culture
(Fig. 2). The increase in P/V at the end of NF cultures or the decrease
in CF and BF, might be related with the increase in NF or decrease in
CF and BF of the consistency index. As also, with the decrease in NF
and the increase in CF and BF in the behavior index. This indicates
an increase in NF or a decrease in CF and BF in the apparent viscos-
ity of the culture, and also an increase in NF but a decrease in CF
and BF in the pseudoplastic behavior of cultures. The pseudoplastic
changes may  surely be associated with the changes in morphologi-
cal sizes at late stages of the cultures in NF. Similar behaviors were
found for mycelial cultures of S. clavuligerus [43], S. pristinaespi-
ralis [23], and S. olindensis [10,44]. We  could not realize whether
these rheological changes are due to morphology or composition
of the culture medium modifications, but these rheological changes
concur with P/V behavior at the end of cultures. Furthermore, we
observed dispersed mycelium and this was  not quantified, and we
thought that this can also be affected volumetric power (through
rheological modifications).

3.3. Recombinant APA production and O-mannosylation in three
different shake flasks designs

Significant differences were found in the recombinant APA pro-
tein produced, similar to the data previously reported [3]. A lower
productivity was  found in NF (lanes C50, Fig. 8) compare with CF
(lane R, Fig. 8). Likewise, specific host released proteins at the end
of cultures follow the same trend, with lower amounts of proteins
in NF, and higher amounts in BF and CF [3].
There are four putative sites of O-mannosylation in APA from
Mycobacterium tuberculosis, one of which is located at the carboxy-
terminal region [45,46]. The carbohydrate composition of this site
was determined by mass spectrometry and up to six mannose
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ig. 5. Representative mycelial kinetic morphology of S. lividans cultured in (A) co
aken  at 24, 36, 60, and 78 h of culture. (Bar indicates 1000 �m,  4× magnification).

esidues were found in NF and CF. These data are different to those
reviously reported in our group [3], where up to two mannose
esidues in cultures carried out in NF, and up to five mannose
esidues were determined in CF and BF.

The differences in the number of mannose residues found in
he carboxy-terminal of recombinant APA in NF in this work, and
he just two mannose residues previously reported [3], are most
robably due to the four times difference in pellet size found. This
uggests that also oxygen supply was a limiting step in the inside
f large pellets, as those previously reported [3], surely limiting
ost-translational modifications such as O-mannosylation of the
ecombinant proteins. Also, as previously discussed, unavoidable
ifferences in growth/morphology can be attributed to differences

n inoculum size [21–23,37]. As a consequence of the changes in pel-
et size between works, a different critical oxygen concentration to
nsure a properly diffuse into the aggregate is expected. According
o the correlation proposed [15], 0.8 mg/L are required to suffice the
iffusion in pellets of 370 ± 80 �m diameter (this work), even with
he maximal diameter of 700 �m,  1.2 mg/L are needed. Contrast-
ngly, 14.28 mg/L in 1.57 ± 0.41 mm [3] are needed. The solubility
f oxygen in pure water at 25 ◦C is 8.5 mg/L, approximately. There-
ore, we suggest that in 1.57 ± 0.41 mm aggregates there is oxygen
imitation but in the pellets obtained in this work there is not.

The hypothesis of a threshold value of aggregate size to achieve
 certain number of mannose residues, al least in the carboxy-
erminal of the APA protein, as a result of an oxygen limitation,
ould be confirmed by displaying a systematic study. This can be
one in order to demonstrate that P/V and oxygen transfer rate, in
onjunction with mycelium inoculum size, has an important role in
riggering the multinucleated mycelium appearance in S. lividans,
s the corresponding aggregate size distribution associated to
his. This has to be done in cultures in bioreactors, where mass
nd momentum transfer phenomena can be studied separately
47]. It was reported that the center of mycelium pellets contains
nactive cells, due to a rapid consumption of substrates (nutrients
nd/or oxygen) within the kernel of the pellets [37]. However, It

as been found that mass transfer concerns were negligible in S.

ividans growth, when pellets reach diameters around 2 mm,  at
east in terms of oxygen transfer [48]. Nevertheless, this threshold
alue of aggregate size can be smaller to affect post-translational
ional normal (NF); (B) baffled (BF); and (C) coiled shake flasks (CF). Samples were

modifications of proteins, as in the case of NF aggregates reported
in previous works [3]. It can be proposed that not only inoculum
size, but also low agitation/aeration may  be playing a specific role
in determining the two growth phase phenomena, mainly at low
power input (as in NF), where transient growth arrests can be
triggered [37].

3.4. Biomass growth, morphology and rheology replicating the
P/V from coiled flasks in normal flasks

In order to discern the specific role of P/V in the determination
on growth and morphology of S. lividans, two different approaches
were taken to increase the power input up to those values found
in coiled flasks, but this time in conventional normal Erlenmeyer
flasks (NF). The first approach was  setting the shaking frequency to
150 rpm and decreasing filling volume of 50 mL–15 mL (15 mL-NF).
These operating conditions were obtained using modified New-
ton number [24,25]. The second approach was  done by setting the
filling volume to 25 mL  using modified Newton number equation
[24], which gave us the result of 168 rpm (25 mL-NF) as the shak-
ing frequency (Fig. 6). Even at the beginning of cultures the power
input was similar in 15 mL-NF and 25 mL-NF to data obtained in
coiled flasks, the decrease in P/V found at the end of cultures in CF,
was not found in the normal shake flasks where P/V was increased
(Fig. 6). For 15 mL-NF and 25 mL-NF, P/V measurements were 0.44
and 0.47 kW/m3 respectively (Fig. 6), when compared those data
with the correlation prediction proposed by Buchs et al. [24,25]
values of 0.51 and 0.49 kW/m3 were obtained. This prediction just
has a difference of 14.7 and 5.1% to experimental data.

In cultures carried out in 15 mL-NF, a final concentration of
biomass of 4.7 ± 0.3 g/L was  obtained with a specific growth rate
(�) of 0.15 ± 0.01 h−1. However, for those cultures carried out with
a working volume of 25 mL  and 168 rpm, a final biomass con-
centration of just 2.5 ± 0.4 g/L with a � of 0.10 ± 0.03 h−1 was
obtained (Fig. 7A). In 15 mL-NF no significant difference in maxi-
mum  biomass was  found, and � when compared with CF, showed

a lag phase and a small growth become visible in the first 36 h
of culture. In contrast, in 25 mL-NF no significant difference was
found in maximum biomass and � when compared with NF filled
with 50 mL.  In spite of a well-simulated volumetric power input
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Fig. 6. Evolution of the volumetric power input during the cultivation of S. livi-
dans  producing rAPA from M.  tuberculosis, in conventional normal (NF) shake flasks
with a nominal volume of 250 mL  at coiled flask equivalent P/V changing filling
volume and agitation. 15 mL,  150 rpm (15 mL-NF), and 25 mL,  168 rpm (25 mL-NF).
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Fig. 7. (A) Kinetics of biomass growth of S. lividans producing rAPA from M.  tuber-
culosis,  in conventional normal flasks (NF) at equivalent P/V of coiled shake flasks.
(B) Average diameter and standard deviation of S. lividans pellets. (C) Evolution of
the flow consistency index K (m Pasn) and (D) flow behavior index n (-)of cultures
at  equivalent P/V, with a changing filling volume and agitation frequency of 15 mL
and  150 rpm (15 mL-NF, triangles), and 25 mL and 168 rpm (25 mL-NF, open dots).
For comparison the data presented in Fig. 1 for coiled flasks are included (CF, closed
dots) with a filling volume 50 mL  incubated at a shaking frequency of 150 rpm and
shaking diameter of 25 mm.
or  comparison the P/V of a coiled flask (presented in Fig. 1) with a filling volume
0 mL  incubated at a shaking frequency of 150 rpm and shaking diameter of 25 mm

s  included.

n 15 mL-NF and in 25 mL-NF, biomass growth results showed that
his type of strategies to equate P/V were not adequate, at least
or mycelial cultures. This is surely due to the differences in oxy-
en transfer rate (OTR) in NF, CF, 15 mL-NF and 25 mL-NF. The
ffect of the filling volume on OTR has been previously reported
n other models as Corynebacterium glutamicum [49,50], E. coli [51],
ansenula polymorpha [52], Pichia pastoris [53] among others, as
eing also the effect of the type of shake flask on OTR [54]. In S.
ristinaespiralis the effects of power dissipation on biomass growth
ere indirect, through the augmentation of oxygen transfer rates

22].
Aggregate diameters similar to NF (370 ± 80 �m)  were obtained

n 15 mL-NF and 25 mL-NF (412 ± 107 �m),  and were higher than
hose in CF (160 ± 40 �m),  as can be seen in Fig. 6B. These data
ndicate that not only P/V, as a global parameter in shake flasks, is
laying an important role in S. lividans physiology, but also oxygen
ransfer rate and/or gradients of specific dissipation energy associ-
ted to shake flasks indentations in BF or springs in CF play that
ole. Computational fluid dynamics associated to particle image
elocimetry might be important tools to resolve these inquiries
27,31].

The rheological behavior of the bacterial cultures of S. lividans
or conventional normal flasks with a filling volume of 25 mL and
68 rpm (25 mL-NF) and 15 mL  and 150 rpm (15 mL-NF) in terms
f the Ostwald-de Waele model, the evolution of the flow consis-
ency index (K) and the flow behavior index (n) are shown in Fig. 7C
nd D. At the end of the cultivation, the flow consistency index
as 0.055 ± 0.004 m Pasn for 15 mL-NF and 0.080 ± 0.013 m Pasn

or 25 mL-NF and the flow behavior index was 0.62 ± 0.007 for
5 mL-NF and 0.55 ± 0.049 for NF-25 mL.  No significant differ-
nces were found with the rheological parameters obtained in
F.

.5. Recombinant APA production and O-mannosylation
eplicating the P/V from coiled flasks in normal flasks

Interestingly, higher recombinant APA productivity was found

n 15 mL-NF (45 ± 2% of total released proteins), no significant dif-
erences were obtained in 25 mL-NF (36 ± 3%), and coiled flasks
35.2%), and lower APA productivity was found in NF (25.2 ± 3%)
Fig. 8A). Also, this was corroborated by Western blots (Fig. 8B).
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Fig. 8. (A) SDS-PAGE of total secreted proteins by S. lividans in the utilized shake flasks. (B) Western blot of rAPA production by S. lividans in the utilized shake flasks. Lane 1:
page  ruler. Lanes 2 and 3 (C15): two  independent conventional normal flasks with a filling volume of 15 mL and 150 rpm (15 mL-NF). Lanes 4 and 5 (C25): two independent
conventional normal flasks with a filling volume of 25 mL  and 168 rpm (25 mL-NF). Lane 6 (R): coiled flasks. Lanes 7 and 8 (C50): two independent normal conventional shake
flasks  (NF). Lane 9: positive control, recombinant APA produced in bioreactor cultures of E. coli. Lane 10 (C−): negative control, Streptomyces lividans 66 strain 1326, without
transformation.

Fig. 9. MALDI-TOF analysis for the carboxy-terminal peptide of the recombinant APA protein by LysC digestion and obtained in (A) conventional normal flasks with a filling
volume  of 15 mL and 150 rpm (15 mL-NF) (B) the non O-glycoform with a molecular mass of 4628.16 Da in 15 mL-NF and (C) conventional normal flasks with a filling volume
o anno
e

T
m
m

g
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c
s
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t
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f  25 mL and 168 rpm (25 mL-NF). Numbers above each peak mean the number of m
nd  of each independent culture.

he positive control (APA protein produced in E. coli) was  used as
olecular weight reference in western blots (Fig. 8B), using the
onoclonal antibody (mAb6A3) against the APA protein.
In other words, a significant effect on the specific heterolo-

ous protein productivity by increasing the volumetric power input
0.44 kW/m3) in conventional flasks (15 mL-NF and 25 mL-NF),
ncreases recombinant APA productivity, up to those obtained in
oiled flasks (0.44 kW/m3), although sizes of the cell aggregates are
imilar to those reported in conventional flasks (NF, 0.20 kW/m3).
n the other hand, the same O-mannosylation in the carboxy-

erminal region and up to six mannose residues were found in
5 mL-NF and 25 mL-NF (Fig. 9). These results might support the
dea that recombinant APA productivity is not being affected by
ize of the aggregate, but surely by the oxygen transfer rate inside
he aggregate, through the increasing of the volumetric power
nput.
se units linked to the peptide. At least three MALDI-TOF analyses were done at the

4. Conclusions

In this work, an approach has been developed to understand the
role of the volumetric power input on the physiology of a recom-
binant strain of S. lividans producing the APA glycoprotein from M.
tuberculosis, by using three shake flask designs. As it was previ-
ously suggested, the mass/momentum transfer is associated with
the morphology, growth, APA production and O-mannosylation [3].

The specific recombinant APA productivity is probably not
affected by the size of the S. lividans aggregates, but surely by the
oxygen transfer inside them. The increase in OTR might be occur-
ring through the increasing of the volumetric power input, as it

can be seen in conventional flasks (15 mL-NF and 25 mL-NF), where
volumetric power input was increased (0.44 kW/m3) and although
sizes of the cell aggregates are similar to those reported in conven-
tional flasks (NF, 0.20 kW/m3). Our data indicates that the role of
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/V, as a global parameter in S. lividans cultures in shake flasks, is not
learly defined as an important parameter to determine S. lividans
rowth, morphology, recombinant protein production, and its post-
ranslational modifications (as it is the case of O-mannosylation of
he carboxy-terminal peptide of APA).

Finally, the effect of the filling volume and shake flask glass com-
osition on the OTR have been previously reported in other models
54]. However, to our knowledge no reports have been made on the
eometry of the flasks. It would be attractive to study the OTR of
lamentous bacterial cultures in order to determine whether this
arameter has any role in the determination of growth and mycelial
orphology.
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